Elucidating the nature of the magnetic ground state of iron-based superconductors is of paramount importance in unveiling the mechanism behind their high temperature superconductivity. Until recently, it was thought that superconductivity emerges only from an orthorhombic antiferromagnetic stripe phase, which can in principle be described in terms of either localized or itinerant spins. However, we recently reported that tetragonal symmetry is restored inside the magnetically ordered state of a hole-doped BaFe2As2. This observation was interpreted as indirect evidence of a new double-Q magnetic structure, but alternative models of orbital order could not be ruled out. Here, we present Mössbauer data that show unambiguously that half of the iron sites in this tetragonal phase are non-magnetic, establishing conclusively the existence of a novel magnetic ground state with a non-uniform magnetization that is inconsistent with localized spins. We show that this state is naturally explained as the interference between two spin-density waves, demonstrating the itinerant character of the magnetism of these materials and the primary role played by magnetic over orbital degrees of freedom.
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INTRODUCTION
One of the central questions to be answered in the iron-based superconductors is the nature of their magnetic interactions. Because superconductivity occurs in proximity to a magnetic instability, it is believed that magnetic fluctuations play a key role in promoting superconducting order [1, 2] . In these materials, the iron atoms in each plane sit on a square lattice and the antiferromagnetic state, from which superconductivity emerges, usually consists of stripes of iron spins aligned ferromagnetically along one iron-iron bond direction and antiferromagnetically along the the other, with a two-fold symmetry that breaks the four-fold symmetry of the high temperature phase. Different theoretical approaches have been proposed to describe the origin of this magnetic two-fold (C 2 ) state, as well as the associated "nematic" state, and its relationship to superconductivity [3] [4] [5] [6] .
On the one hand, the large resistivities and enhanced effective masses of the iron arsenides and chalcogenides have been interpreted as evidence for proximity to a Mott transition, as seen in the similar phase diagrams of cuprate superconductors [7] [8] [9] . This favours an approach based on localized spin models, in which the iron spins S i , with fixed amplitude M , live on the sites i of the iron lattice and interact with each other via exchange interactions. This can give rise to superconductivity with extended s-wave symmetry, in which the order parameter changes sign between next-nearest neighbor sites. Some localized models focus not on magnetic, but on orbital degrees of freedom, whose fluctuations in general favour a regular s-wave state [10, 11] . In this case, magnetic order is a secondary effect of the four-fold symmetry breaking produced by changing the relative occupation of the d xz and d yz iron orbitals.
On the other hand, itinerant spin models rely on the metallic character of these compounds and on quasinesting features of their Fermi surfaces [12, 13] . In this case, instead of local spins on the lattice sites, the magnetism is best described as a modulation of the spin polarization of the itinerant electrons, i.e., a spin-density wave, S (r) = M cos (Q · r), with Q = (π, 0) or (0, π). The resulting superconducting symmetry depends on details of the Fermi surface, and is usually extended swave but can also be d-wave. Determining which approach is valid, itinerant or localized, will therefore have profound consequences both for the nature of the emergent superconductivity and its relation to cuprate superconductivity [6] .
Because both the localized and itinerant scenarios predict ground states with the same space group, distinguishing between them is a challenging task. Recently, we observed a new magnetic phase in hole-doped BaFe 2 As 2 that offers a new way to resolve this issue [14] . In pure BaFe 2 As 2 , the structural, orbital and magnetic transitions occur simultaneously in a first-order transition. When sodium is doped onto the barium sites, the transition temperature, T N , is reduced until magnetic orarXiv:1505.06175v1 [cond-mat.str-el] 22 May 2015 der is destroyed at x < ∼ 0.3 [15] . However, between 0.24 < ∼ x < ∼ 0.3, four-fold (C 4 ) symmetry is restored inside the magnetically ordered state at T r (T r < T N ), with a reorientation of the magnetic moments along the c-axis [16] . Because the magnetic Bragg peaks have the same reciprocal lattice indices above and below T r , this C 4 phase was interpreted as a double-Q magnetic structure described by a coherent superposition of two spindensity waves, S (r) = M 1 cos (Q 1 · r) + M 2 cos (Q 2 · r), with Q 1 = (π, 0) and Q 2 = (0, π).
Although such order is naturally predicted by itinerant models for the iron-based superconductors [14, [17] [18] [19] [20] , it was not possible to rule out the existence of an orbitally ordered structure that is consistent with the observed C 4 phase. Furthermore, the existence of magnetic Bragg peaks at both Q 1 and Q 2 could be ascribed to domains of stripe magnetic order instead of double-Q order. Khalyavin et al. discuss a number of orbitally ordered structures that are compatible with the diffraction [21] . Common to all of them is that the crystal structure is tetragonal, but the magnetic structure still consists of orthorhombic (i.e., single-Q) stripes.
In this paper, we present unambiguous evidence that the magnetic state of a hole-doped iron arsenide, Sr 1−x Na x Fe 2 As 2 with x = 0.37, is a double-Q spindensity wave. This is the third hole-doped compound within the AFe 2 As 2 series (A = Ba, Sr) to show signatures of the C 4 phase, indicating that this is a universal feature of hole-doping [14, 22, 23] . We were able to synthesize powders that exhibit a complete transformation of the sample to the C 4 phase below T r , allowing us to utilize Mössbauer spectroscopy as a local probe of the magnetization on the 57 Fe sites. Below T N , within the C 2 phase, all sites show the same Zeeman splitting due to internal molecular fields as expected for the single-Q stripes. However, below the C 4 transition at T r < T N , 50% of the iron sites are non-magnetic while the other 50% show a doubling of the magnetization, exactly as expected from a double-Q structure formed by the interference between two collinear spin-density waves,
This redistribution of magnetization density is not compatible with the idea of local moments living on the iron sites or with any form of orbital order. Therefore, our results point to the primary role played by itinerant magnetism in the phase diagram of the iron arsenides, offering a key insight into the nature of the electronic state from which superconductivity emerges.
RESULTS

X-ray and Neutron Diffraction
Magnetism in the hole-doped series, Sr 1−x Na x Fe 2 As 2 , has higher transition temperatures and persists to higher levels of sodium concentration than the equivalent barium series [15, 24] . We synthesized a compound with the nominal composition of Sr 0.63 Na 0.37 Fe 2 As 2 , below the critical phase boundary for magnetic order, which has a superconducting transition at 12 K. Rietveld refinements of the x-ray powder diffraction spectra yielded a sodium concentration of x = 0.3691 (5) . More details of the sample characterization are provided in the Methods section and the Supplementary Information.
The transition from tetragonal (I4/mmm) to orthorhombic (F mmm) symmetry is evident in the powder x-ray diffraction as a splitting of some of the Bragg peaks, such as the (112) peak, shown in Figure 1a . This C 2 transition, which is either weakly first order or second order, occurs around T N ≈ 105(2) K, below which the orthorhombic order parameter (i.e., the magnitude of peak splitting) increases rapidly with decreasing temperature. This behaviour is similar to many other iron-based superconductors, but more unusually, this sample then transforms back to tetragonal symmetry at a strongly first order transition at T r ≈ 73 K. The first-order nature of this transition from C 2 to C 4 symmetry can be seen in Figure 1b , which shows that the two phases coexist for ∼ 10 K below T r .
Powder neutron diffraction confirms that both the C 2 and C 4 phases are magnetically ordered. Both the ( (Figure  1c and d) , but the increase in intensity of the former at T r shows that there is a significant spin reorientation in the C 4 phase, as observed in Ba 1−x Na x Fe 2 As 2 (0.24 ≤ x ≤ 0.28) [14] . Since the transformation back to tetragonal symmetry is complete in Sr 0.63 Na 0.37 Fe 2 As 2 below 60 K, we are able to obtain a more reliable refinement of the magnetic structure than was possible in the earlier work. Figure 1e shows that the data are fit well by a model with moments along c-axis, in agreement with the moment direction deduced by Waßer et al. [16] .
The magnetic Bragg peaks in the C 4 phase have the same reciprocal lattice indices as the C 2 phase, using the tetragonal unit cell, so one possible interpretation of the data is that the two phases have identical magnetic stripe order, only differing by the orientation of the iron spins. In this single-Q model, Bragg peaks from stripes parallel to the x and y axes in different domains would be incoherently superposed (Fig. 2a) . Such a model would be magnetically orthorhombic, so magnetoelastic coupling should generate an orthorhombic structural distortion as well, but it is plausible that it is much weaker because of the spin reorientation and therefore difficult to resolve.
An alternative interpretation is that there is a single domain comprising a coherent superposition of magnetic stripes parallel to both the x and y axes, a double-Q model (Fig. 2b) . This is the model predicted by itinerant approaches, in which magnetic order in the C 4 phase is generated by band nesting along the x and y directions simultaneously, restoring tetragonal symmetry [14] . In such a case, the residual spin-orbit coupling allows the parallel orientation of the resulting magnetic moments from each wave vector only if they are along the z-direction. It is well known that diffraction alone is unable to distinguish between multi-domain single-Q and single-domain multi-Q structures, since they produce identical Bragg peak intensities. As discussed in Ref. 21 , it might be possible to distinguish them with resonant x-ray scattering, which is sensitive to the orbital configuration of the iron d-electrons. In particular, space groups compatible with any possible orbital order would be incompatible with a double-Q model. 
Mössbauer Spectroscopy
Although in reciprocal space, the single-Q and double-Q models look identical, they are remarkably different in real space. As shown in Figure 2b , the coherent superposition of the orthogonal stripes in the double-Q model results in a doubling of the magnetic moments on half of the sites and a complete cancellation of the magnetic moments on the other half. That is, half of the iron sites are spin-density wave nodes. In local moment systems, nodes represent fluctuating spins that have a high entropy, but in an itinerant spin-density wave, they can be a natural consequence of a spatially inhomogeneous magnetization.
The best way to distinguish these two magnetic struc- tures is therefore to use a local probe of the magnetization. Mössbauer spectroscopy is ideal because the Zeeman splitting of the nuclear levels of 57 Fe atoms is directly proportional to the static magnetization density at the nuclear site. Earlier Mössbauer spectra on iron arsenides were consistent with the temperature dependence of the conventional antiferromagnetic stripe order, which is characterized by a single hyperfine field at each temperature [25, 26] .
We have measured Mössbauer spectra at temperatures between 5 K and 125 K (Figure 3) . The 125 K spectrum shows, as expected, a single peak associated with the paramagnetic phase, with a small isomer shift due to the chemical environment that is independent of temperature. Spectra measured in the C 2 phase at 95, 85 and 75 K (only 85 K is shown) are well fit with a single hyperfine field, characteristic of a single magnetic site, which grows with decreasing temperature (Figure 3e) . However, well below the C 4 transition, at 30 K, there is a qualitatively different spectrum, which consists of a large central peak with the same isomer shift as the paramagnetic phase, indicating the presence of non-magnetic sites, and a sextet indicating magnetic sites with a significantly larger effective field than in the C 2 phase (by a factor of ∼ 2). A free fit to such a two-site model shows that the spectral weights of each component are identical within the statistical uncertainty. In other words, 50% of the sites are magnetic and 50% are non-magnetic, exactly as predicted by the double-Q model.
The 65 K spectrum, which was taken in the temperature range where diffraction data indicated a co-existence of the C 4 and C 2 phases, shows evidence of the superposition of three components, two magnetic and one nonmagnetic. Although the parameters are too highly correlated to be fit independently, the spectrum is consistent with a C 4 contribution, comprising an equal concentration of large moment and non-magnetic sites, and a C 2 contribution from smaller moment sites. Another parameter, the electric field gradient, which is sensitive to the point-group symmetry of the surrounding ions, changes sign between the C 2 and C 4 phases, but is otherwise nearly temperature independent. The resulting local magnetization of the magnetic sites as a function of temperature (Figure 3e) shows a clear doubling of the magnetic moment within the C 4 phase compared to the C 2 phase, demonstrating that the C 4 magnetic structure involves a redistribution of magnetization density from the non-magnetic to the magnetic sites, an effect that is a clear fingerprint of an itinerant spin density wave.
DISCUSSION AND CONCLUSION
The Mössbauer data provide unambiguous evidence that the magnetism in the C 4 phase is a double-Q spindensity wave. This has a number of important consequences. As pointed out in Ref. 21 , such a double-Q magnetic structure is incompatible with either ferroorbital order involving the d xz and d yz iron orbitals or with more complex patterns of orbital ordering. As a result, it implies that the nematic phase observed in the underdoped compounds is not the cause, but a consequence of magnetism, in agreement with the spin-nematic scenario [27] . Although this observation by itself cannot rule out the existence of orbital fluctuations, which favour the more conventional s-wave superconducting state, it does indicate the primary role played by magnetic fluctuations, which favour the unconventional sign-changing extended s-wave state.
The most important conclusion to be drawn from this work is that the nature of the C 4 magnetic state is not consistent with a model of localized spins on the iron sites, in which every iron site is magnetic. At least within the t-J 1 -J 2 model, widely employed as an effective model to study these materials [8, 28, 29] , such a non-uniform magnetization is not a ground state of the model. It remains to be seen whether modifications of this model, such as the inclusion of non-Heisenberg exchange interactions, like the biquadratic or ring exchanges, could describe the non-uniform state.
By contrast, an itinerant approach offers a natural explanation of this non-uniform magnetic structure as the interference of two nesting-related spin density waves, S (r) = M 1 cos (Q 1 · r) + M 2 cos (Q 2 · r), with M 1 and M 2 parallel to each other. The fact that M 1 = M 2 ensures not only the tetragonal symmetry of the system, in agreement with the experimental observations, but also implies that half of the sites are non-magnetic with their spin density transferred to neighbouring sites with double the magnetization. This is a remarkable observation that is only compatible with itinerant electrons. It is also consistent with the prediction of itinerant models that such a state becomes favoured over the stripe state for large enough doping levels [14, 17, 19, 20, 30] . Furthermore, a secondary checkerboard charge order should accompany this non-uniform phase, in which the non-magnetic sites have locally a different charge density than the magnetic sites [31] . It has been argued that fluctuations of this secondary charge order can enhance the extended s-wave transition temperature [31] .
The reorientation of the magnetization along the c-axis follows from general group-theory arguments related to the space-group of a single FeAs plane with preserved tetragonal symmetry [32] . In the iron pnictides, spinorbit coupling is not small [33] , and as a consequence, possible spin orientations are restricted to certain crystallographic directions. In particular, a group-theory analysis reveals three possibilities: M 1 x and M 2 ŷ; M 1 ŷ and M 2 x; or M 1 ẑ and M 2 ẑ. Because only the latter is compatible with the non-uniform state discussed here, the spins must point along the c-axis. This is discussed in more detail in the Supplementary Information.
We note that the itinerancy of the magnetism of the iron pnictides does not imply that interactions are necessarily weak [34] [35] [36] . Indeed, even in elemental iron, a weak-coupling approach does not fully describe the properties of the ferromagnetic state. In the iron pnictides, interaction effects were shown to be important to capture high-energy properties of the spin spectrum [37] and the sizable fluctuating moment observed in the paramagnetic state [38] . Thus, it is likely that interactions are moderate, and may affect distinct families of iron-based superconductors, such as the iron chalcogenides, differently [3, 4] . At least in the iron pnictides, however, our work demonstrates that itinerancy is an essential ingredient of these fascinating materials.
METHODS
Synthesis
Handling of all starting materials was performed in an M-Braun glovebox under an inert Ar atmosphere (< 0.1 ppm of H 2 O and O 2 ). Sr (Aldrich, 99.9%) and Fe (Alfa Aesar, 99.99+%) were used as received. Small pieces of Na free of oxide coating were trimmed from large lumps (Aldrich, 99%). Granules of As (Alfa Aesar, 99.99999+%) were ground to a coarse powder prior to use. The precursor materials SrAs, NaAs, and Fe 2 As were synthesized in quartz tubes from stoichiometric reactions of the elements at 800℃, 350℃, and 700℃ respectively. Polycrystalline samples of Sr 0.67 Na 0.37 Fe 2 As 2 were prepared from stoichiometric mixtures of SrAs, NaAs, and Fe 2 As, which were ground thoroughly with a mortar and pestle, and loaded in alumina crucibles. The alumina crucibles were sealed in Nb tubes under Ar, which were further sealed in quartz tubes under vacuum. The reaction mixtures were subjected to multiple heating cycles between 850-950℃ for durations less than 48 h (to minimize loss of Na by volatilization). The samples underwent grinding by mortar and pestle between heating cycles in order to homogenize the compositions. Following the final heating cycles, the sealed samples were quenched in air from the maximum temperature rather than allowing them to cool slowly. Initial characterization of the dark gray powders was conducted by laboratory powder X-ray diffraction and magnetization measurements. More details of the sample characterization are provided in the Supplementary Information.
Powder Diffraction X-ray powder diffraction measurements were performed at Argonne National Laboratory using beamline 11-BM at the Advanced Photon Source. Neutron powder diffraction measurements were performed at Oak Ridge National Laboratory using beamline HB-1A at the High Flux Isotope Reactor and the POWGEN diffractometer at the Spallation Neutron Source.
Mössbauer Spectroscopy
Mössbauer measurements were performed in transmission geometry with a sinusoidally driven 2 mCi 57 Co(Rh) source and a germanium detector. Silicon diode sensors allowed the control and stabilization of the sample temperature to within 0.2 K for a conventional bath cryostat. Powder samples having an effective area density of 4 mg/cm 2 of 57 Fe were placed on 99.999% pure aluminum foil held in place by kapton tape. Calibrations were made using a natural α-Fe foil. The spectra were fit by varying the isomer shift, magnetic hyperfine field, and the electric quadrupole factor. The intensities of the magnetic sextet-split lines were constrained to a 1:2:3 ratio according to their Clebsch-Gordon coefficients (or magnetic dipole matrix elements), and the Lorentzian linewidths for all lines of a particular iron site were constrained to be the same. Details of the fit parameters are given in the Supplementary Information.
